The developmental appearance and spatial distribution pattern of gap junctions were studied in prenatal and adult rat hearts. Gap junctions were visualized immunohistochemically with an antibody raised against a unique cytoplasmic epitope of connexin43, and the spatial distribution pattern was determined by three-dimensional reconstruction. The results demonstrate that from embryonic day 13 onward, connexin43 becomes detectable immunohistochemically in the myocardium of atria and ventricles. No expression is initially detectable in the myocardium of the sinus venosus, the sinoatrial node, the posterior wall of the atrium and pulmonary veins, the interatrial septum, the atrioventricular canal, including atrioventricular node and bundle, the interventricular septum, and the outflow tract. The developmental increase in the density of gap junctions in atria and ventricles of prenatal hearts correlates well with the reported developmental increase in conduction velocity. Whereas connexin43 becomes expressed in the derivatives of the sinus venosus (except for the sinoatrial node) and in the subepicardial layer of the ventricular free wall shortly before birth, it remains undetectable in the atrioventricular node and bundle and the proximal part of the ventricular conduction tissue, even in the adult heart. The apparent absence of an abundant expression of connexin43 at a location with a supposedly high conduction velocity (i.e., the atrioventricular bundle and bundle branches) is unexpected. These observations were confirmed in studies of the adult mouse heart, which showed, in addition, that connexin32 is not expressed in any part of the heart. (Circulation Research 1991;68:1638-1651 In the "primary myocardium" of early, tubular hearts the conduction of the depolarizing impulse, which initiates contraction of the myocytes, is slow and spreads uniformly, resulting in a peristaltic contraction pattern. Although the conduction velocity in the working myocardium of atria and ventricles increases during development, it remains low in the adjacent regions (sinus venosus, atrioventricular canal, and outflow tract, i.e., the remaining primary myocardium). As a result, the cardiac tube consists of a series of segments with alternatingly slow and relatively fast conduction velocities. These developmental changes in regional conduction velocity and contraction pattern are best documented for avian embryosl-5 but are believed to occur also in the embryonic mammalian heart.6 Since cardiac gap junctions are generally believed to be responsible for the direct electrical coupling between myocardial cells (for recent reviews see References 7-9), we hypothesized that the selective formation of gap junctions in working myocardium might explain the gradual appearance of a more rapid conduction of the depolarizing impulse in the developing atria and ventricles. As a first step to test this hypothesis, we have studied the spatial distribution of gap junctions in the developing rat heart. A gap junction consists of an array of cell-to-cell channels; each channel consists of two hemiconnexons, which are composed of six identical subunits, connexins. Biochemical and molecular studies have revealed the existence of a family of gap junction proteins, among which connexin26 and connexin32 in liver and connexin43 in myocardium and endothelium are best characterized. They share conserved amino acid sequences in the transmembrane and extracellular portion of the pro-
conduction velocities. These developmental changes in regional conduction velocity and contraction pattern are best documented for avian embryosl-5 but are believed to occur also in the embryonic mammalian heart.6 Since cardiac gap junctions are generally believed to be responsible for the direct electrical coupling between myocardial cells (for recent reviews see References 7-9), we hypothesized that the selective formation of gap junctions in working myocardium might explain the gradual appearance of a more rapid conduction of the depolarizing impulse in the developing atria and ventricles. As a first step to test this hypothesis, we have studied the spatial distribution of gap junctions in the developing rat heart. A gap junction consists of an array of cell-to-cell channels; each channel consists of two hemiconnexons, which are composed of six identical subunits, connexins. Biochemical and molecular studies have revealed the existence of a family of gap junction proteins, among which connexin26 and connexin32 in liver and connexin43 in myocardium and endothelium are best characterized. They share conserved amino acid sequences in the transmembrane and extracellular portion of the provan Kempen et al Connexin43 in Rat Heart 1639 tein, whereas the cytoplasmic domains are unique.'0"1' Cardiac gap junctions can be visualized with specific antibodies raised against the unique cytoplasmic epitopes of connexin43.10,1213 Therefore, we have combined immunohistochemistry and three-dimensional reconstruction of stained serial sections to reveal the spatial distribution pattern of gap junctions in the developing heart. The results demonstrate that, indeed, connexin43 is initially expressed only in the atria and ventricles, that is, in compartments with a relatively high conduction velocity. The developmental increase in the density of gap junctions in atria and ventricles of prenatal hearts correlates well with the concomitant developmental increase in conduction velocity. Whereas connexin43 becomes expressed shortly before birth in the derivatives of the sinus venosus (except for the sinoatrial node), it remains undetectable in the atrioventricular node and bundle, in the bundle branches, and in the outflow tract. The apparent absence of an abundant expression of connexin43 in the proximal part of the ventricular conduction system, that is, at a location with a supposedly high conduction velocity, is unexpected.
Materials and Methods Animals
Adult Wistar albino rats were purchased from the CPC Animal Farm, Austerlitz, The Netherlands. Embryos and fetuses were obtained from timed pregnant rats as described before.14 Hearts from rats at 13, 14, 16 , and 20 embryonic days (EDs), from neonates (ED 22) , and from adult rats were studied. Because the monoclonal antibody against connexin32 was raised in rats, it was decided to study the expression pattern of this protein in mice. Adult BALB/c mice were purchased from TNO, Rijswijk, The Netherlands.
Histological Procedures
Hearts in situ (EDs 13, 14, 16, 20, and 22) and isolated hearts (ED 14 and adults) were fixed for 2 hours to overnight in a mixture of methanol: acetone : acetic acid :water (35:35:5:25 [volIvoll [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] of the amino terminal domain of connexin43, and the second antibody was raised against amino acids 302-319 at the carboxyl terminal domain of connexin43. The latter antibody was affinity-purified. A rat monoclonal antibody raised against connexin32 isolated from mouse liver was obtained from the Developmental Studies Hybridoma Bank, Baltimore. Monoclonal antibodies against a-and ,B-myosin heavy chain isoforms were used as markers for prenatal atrial and ventricular myocardium, respectively. The characterization of these anti-myosin heavy chain antibodies is described elsewhere.15-17
Immunohistochemistry
After deparaffination of the sections, immunological staining was carried out using the unconjugated peroxidase-antiperoxidase method.18 Briefly, the protocol was as follows: 1) incubation in a 3% H202 solution (vol/vol) in phosphate buffered saline (containing 10 mM sodium phosphate and 150 mM NaCl, pH 7.4) for 30 minutes to inactivate endogenous peroxidase activity, 2) incubation in 10 mM Tris-HCl, 5 mM EDTA, 150 mM NaCl, 0.25% (wt/vol) gelatin, and 0.05% (wt/vol) Tween-20, pH 8.0, for 15 minutes to block nonspecific protein-binding sites in the section, 3) overnight incubation in an appropriate dilution of the primary antibody (directed against connexin43, connexin32, or myosin), 4) incubation with an appropriate dilution of rabbit anti-mouse immunoglobulin G serum (antimyosin antibodies) or rabbit anti-rat immunoglobulin G (anti-connexin32 antibodies) for 2.5 hours, 5) incubation with an appropriate dilution of goat anti-rabbit immunoglobulin G for 2.5 hours, 6) incubation with an appropriate dilution of rabbit peroxidase-anti-peroxidase complex for 2.5 hours, and 7) staining with a solution of 3,3'-diaminobenzidine tetrahydrochloride (0.05% wt/ vol) and H202 (0.03% vol/vol) in 30 mM imidazole and 1 mM EDTA, pH 7.0. Every step was performed at room temperature, and between every step, the sections were washed with phosphate buffered saline. In the ED 13 and ED 14 hearts, the stained spots are still scarce. As development proceeds, staining in the heart becomes more conspicuous. In the adult heart, the staining pattern of connexin43 coincides with the distribution of intercalated discs in the myocardium (Figure lc) .
The distribution space of connexin43-positive and -negative areas is classified by morphological and topographical criteria. The expression of the musclespecific protein, a-and 83-myosin heavy chain, is used as a marker to delineate the myocardium. The connexin43-negative areas that are mentioned are always positively identified as myocardium.
Embryonic Period: 13-14 Days of Gestation At this stage of development, the developing atria and ventricles are rapidly increasing in size and are bordered by the remaining parts of the primary myocardium, that is, the sinus venosus, atrioventricular canal, and outflow tract. The luminal side of the myocardium of the atrioventricular canal and outflow tract is covered with endocardial cushions/ridges (Figure 2a) .
The myocardium of the sinus venosus, the myocardial part of the atrium that develops in the dorsal mesocardium (including the adjacent free wall), and the developing interatrial septum do not express connexin43. In particular, no staining is detectable in the developing sinoatrial node that can be identified by a coexpression of both a-and 3-myosin heavy chains. 16 The free anterior and lateral walls are the only part of the atrial myocardium that expresses connexin43 (Figure 2b ). Connexin43 is not expressed in the myocardium of the atrioventricular canal (Figure 2d) , in the free wall of the ventricle, in the developing interventricular septum, or in the wall of the outflow tract. In the ventricle, connexin43 expression is only found in the trabeculae (Figure 2c ).
In summary, during the embryonic stage of development, connexin43 is expressed only in the anterior free wall of the atrium and in the ventricular trabeculae (for a schematic representation, see Figure 3 ).
Fetal Period: 16-20 Days of Gestation
At this stage, morphogenesis is almost finished. Septation is complete: the left and right sides of the heart have their own inlet and outlet components. However, as can be deduced from changes in gene expression patterns, maturation of the heart continues.
No binding of the anti-connexin43 is found in the myocardium of the vena cava superior (including the developing sinoatrial node) (Figures 4c and 4d) , the vena cava inferior, the sinus coronarius (i.e., the left vena cava superior) (Figures 4a and 4b ), or the pulmonary vein, nor is binding found in the atrial myocardium that surrounds the inflow of the vena cava superior, vena cava inferior, and sinus coronarius (i.e., the sinus venarum cavarum) (Figure 5e ). However, a weak connexin43 expression is now found in the previously negative interatrial septum, and staining has intensified in the rest (i.e., the trabecu- lated part) of the free atrial wall. In the ventricular myocardium, the staining intensity of connexin43-positive areas has also increased. In the ventricular free wall, the subendocardial fibers and the contiguous ventricular trabeculae do stain with anti-connexin43, whereas the subepicardial fibers still show no staining (Figures 5c and 5d ). The connexin43-negative subepicardial fibers are continuous with the connexin43-negative myocardium surrounding the atrioventricular canal ( Figure 5e ) and the outflow tract ( Figure 6 ). The staining pattern in the interventricular septum is complex; connexin43 is expressed in the myocardium of the basal part of the interventricular septum that is contiguous with the ventricular free wall but not in an apical, subendocardial sheet that is continuous with the connexin43-negative myocardium of the atrioventricular canal and that descends further on the left than on the right side of the septum ( Figure 5e ). In summary, during the fetal stage of heart development, connexin43 is expressed in the trabecular part of the atrium, in the interatrial septum, in the ventricular myocardium except for its subepicardial layer, in the ventricular trabeculae, and in the basal part of the interventricular septum (for a schematic representation, see Figure 7 ).
Neonate: 22 Days of Gestation
As in the fetal stage, the trabeculated part of the atrial myocardium shows binding of the anti-connexin43 antibody. However, expression of connexin43 is now also observed in previously negative areas, such as the myocardial parts of the vena cava superior, the vena cava inferior, and the sinus coronarius. Interestingly, expression remains undetectable in the sinoatrial node (Figure 8 ). The transition between the myocardium of the sinoatrial node and the working myocardium is marked by a well-defined border in the staining pattern of connexin43. In the ventricle, the entire free myocardial wall now expresses connexin43 protein. Connexin43 expression remains undetectable in a small zone of myocardial cells that border the atrial and ventricular side of the developing anulus fibrosis. In particular, the atrioventricular nodal and atrioventricular bundle regions show no expression, nor is connexin43 expression detectable in the directly adjacent subendocardial part in the interventricular septum (the developing bundle branches) ( Figure 9 ). In summary, in the neonate, connexin43 is expressed in the myocardial parts of the vena cava superior, vena cava inferior, and sinus coronarius, in a b c FIGURE 3 . Schematic drawing of the distribution pattern of connexin43 in a rat heart at embryonic day 14. The myocardium in the lightly stained areas does not express connexin43, whereas the myocardium in the heavily stained areas does (refer to Table 1 for an inventory of connexin43-positive and -negative regions). Panel a: Anterior view of the heart. Panel b: Posterior view of the heart. Note that in the ventricular myocardium, the subepicardial layer is negative for connexin43, but for the clarity of the drawing, . Schematic drawing of the distribution pattern of connexin43 in a rat heart at embryonic day 20. The myocardium in the lightly stained areas does not express connexin, whereas the myocardium in the heavily stained areas does (refer to 
Connexin32
Besides connexin43, one of the most extensively characterized connexins is connexin32, which is abundant in (rat) liver. We incubated sections of liver and heart of adult mice with anti-connexin43 and anti-connexin32 antibodies. The distribution pattern of connexin43 in the adult mouse heart (Figures 12a and 13 ) is identical to that found in the adult rat heart. In adult mouse liver, connexin32 is expressed abundantly as streaks on the border of hepatocytes (Figure 12c ). In simultaneously incubated adult mouse hearts, no expression of connexin32 was detectable (Figure 12b ), particularly not in the conduction system. Discussion Gap junctions establish electrotonic coupling of cardiomyocytes,9 and their distribution pattern can therefore determine patterns of conduction in the myocardium. To our knowledge, this is the first description of the spatial distribution of gap junctions in the rat heart. Table 1 shows a summary of the developmental changes in the expression pattern of connexin43 in various parts of the rat myocardium. Two types of myocardium, namely, myocardium that does and myocardium that does not express connexin43, emerge. In most parts of the myocardium, the expression of connexin43 becomes detectable between ED 13 and ED 22. Interestingly, the moment at which gap junctions become detectable with our immunohistochemical technique is different in the respective cardiac structures and is characteristic for that particular part of the myocardium. Once expressed, the density of gap junctions identified with the anti-connexin43 antibody increases with age, reaching adult levels in the postnatal period. In other parts of the myocardium (the sinoatrial node, the atrioventricular canal, the apical, subendocardial part of the interventricular septum, and the outflow tract), the expression of connexin43 remains undetectable up to and including the adult stage.
Our demonstration of regional differences in the developmental appearance of cardiac gap junctions, in particular the apparent absence of gap junctions in many parts of the developing conduction system, raises questions concerning 1) the sensitivity of the immunohistochemical staining method, 2) the structural diversity of cardiac gap junctions, and 3) the functional significance of the heterogeneous distribution pattern.
Sensitivity of the Immunohistochemical Staining Method
We have observed no apparent differences in immunohistochemical stainability of gap junctions with development. This conclusion can be drawn from the relative staining intensities of the gap junctions in the apical ridges of the limb buds of ED 13 and ED 14 embryos and in the adrenal cortex of ED sessed by comparing our data with quantitative electron microscopic studies on gap junction density in the heart. In mice, the first appearance of gap junctions in the myocardium has been reported to coincide with the onset of effective contractions,20 but initially their density remains very low.21 In the latter part of the embryonic period and during the fetal period, the membrane density of gap junctions increases approximately 10-fold to 0.5-0.8% in both mice2' and rabbits. 22 In rabbits22 and in rats,23,24 a transient increase in gap junction density is observed postnatally during the suckling and weaning period. In adult rodents and rabbits, mean gap junction density in the ventricular working myocardium is approximately 1-2%. It man, manuscript in preparation). Possibly, species differences in the density of gap junctions in this part of the myocardium may form the morphological basis of the observed relatively short atrioventricular delay that is observed in large animals. 42 Provided that no other connexin will be found in the proximal part of the ventricular conduction system in the rat, this part may function as an extended atrioventricular node.
We have previously proposed that a cholinergic system could be involved in the regulation of conduction velocity in the slowly conducting myocardial zones.1443 This proposal is based on the expression pattern of acetylcholinesterase (EC 3.1.1.17), which is initially demonstrable in the entire tubular heart but subsequently disappears selectively from the parts of the ventricle and the atrium that acquire action potentials characteristic for the presence of fast Na+ channels and that develop a more rapid conduction of the depolarizing impulse.45 Concomitant with the disappearance of acetylcholinesterase,14 the prenatal expansion of the distribution space of connexin43 takes place, resulting in a distribution pattern of gap junctions that is mostly complementary to that of acetylcholinesterase (Table 1) . However, gap junctions and acetylcholinesterase are temporarily coexpressed in the relatively fast conducting ventricular trabeculae (Table 1) . Furthermore, the cellular concentration of acetylcholinesterase in embryonic rat and chicken hearts decreases with an anteroposterior gradient; the outflow tract and the ventricular trabeculae have the highest content, whereas the activity is lower in the atrioventricular canal and not detectable in the sinoatrial junction (Table 1 ). Yet conduction velocity in all these areas appears to be equally low.1-5 These recent observations suggest a different functional correlation between acetyleholinesterase and connexin43 distribution. More likely, a cholinergic system could be involved in the regulation of contraction duration based on the distribution of a recently identified embryonic Ca2+-mobilizing muscarinic regulatory system.44 This system mobilizes intracellular Ca2, possibly for the long-lasting mechanical contraction that can be observed in the embryonic ventricle (i.e., the ventricular trabeculae45) and outflow tract but not in the atrium (W.H. Lamers, unpublished observation, 1990 ). We therefore think that the ventricular trabeculae not only conduct the impulse relatively fast via the gap junctions but that they are also characterized by a relatively long-lasting action potential, as is also observed in the outflow tract.5
